We report the fabrication of fiber Bragg gratings (FBGs) in passive as well as doped fibers utilizing the femtosecond laser line-by-line technique. Narrow-linewidth linear gratings as well as broadband chirped gratings were inscribed into silica-and fluoride-glass optical fibers. Polarization-dependent characteristics of non-tilted and of 45°-tilted gratings are analyzed and the possibility of direct inscription into coated (i.e. non-stripped) fibers is demonstrated.
Introduction
Fiber Bragg gratings (FBGs) are important components in fiber lasers as they provide wavelength-selective feedback and, in the case of chirped gratings, can also be used for dispersion engineering in ultrafast laser systems. Moreover, the characteristics of FBGs can be thermally, mechanically or optically controlled, enabling tuneable [1] and actively Q-switched [2] operation. The inscription of FBGs with femtosecond (fs) laser pulses is particularly interesting for fiber lasers as it enables direct inscription into the rare-earth-doped laser fiber, removing the need for splices in the cavity. While it has been shown that the phase mask scanning technique can be utilized to fabricate highly efficient FBGs in non-photosensitive fibers [3] , the need for a specific phase mask for a particular grating design remains a major drawback. The femtosecond laser direct-write method represents an alternative technique that offers complete control over grating period, phase, and amplitude by inscribing pre-designed structures based on Type I or II modifications [4] into the core of an optical fiber. The simplest approach is to inscribe an array of Type II-IR microvoids, a method commonly referred to as point-by-point (PbP) technique. While this has allowed us in the past to realise narrow-linewidth fiber lasers in the mid-IR [5] , as well as in the near-IR with output powers in excess of 100 W [6] , the relatively high level of scattering losses in those gratings, combined with the small physical dimensions of the individual microvoids makes the use of PbP gratings in broadband, core-pumped as well as in large-mode area (LMA) fibre lasers highly problematic.
In this paper we present results of our work on femtosecond laser inscribed line-by-line gratings that are composed of an array of Type I index modification that extend throughout the core of an optical fiber. This so-called continuous core-scanning technique [7] or the modified core-scanning technique [8] enables the fabrication of FBGs that can offer enhanced functionality for innovative fiber laser systems. Figure 1 (a) shows a schematic of the inscription setup. The optical fiber is sandwiched between a glass substrate (containing a precisely matched laser-inscribed groove) and a thin glass cover slip and is finally mounted onto a computer-controlled 3-axes air-bearing translation stage. Pulses from a Ti:Sapphire laser (» 100 fs, 800 nm, pulse energy 100s nJ, computer controlled) are focused into the core of the optical fiber that is moved relative to the laser beam according to a pre-programmed translation-profile, resulting in the inscription of arbitrary patterns within the optical fiber. Figures 1(b) and 1(c) show examples of Differential Interference Contrast (DIC) microscope images of arrays of laser-inscribed refractive index modification lines, representing a 45°-tilted grating (top) and a narrowband FBG (bottom image), both of which are inscribed into double clad mid-infrared holmium-praseodymium co-doped zirconium-fluoride (ZBLAN) fiber.
Results and Discussion
One of the main advantages of the femtosecond laser direct-write technique in general is the possibility to inscribe photonic structures into virtual any transparent dielectric material which includes standard silica-based optical fibers but also mid-infrared transparent materials like fluoride glasses or chalcogenides. In regard to the latter, we demonstrate that femtosecond laser-written line-by-line gratings can be utilized to realize Watt-level dysprosium fiber lasers at 3.15 µm with record-high slope efficiency as well as narrowband holmium fiber lasers with a tuning range of > 35 nm centered at 2.87 µm. We also show that our fabrication approach allows the inscription of FBGs directly into coated (i.e. unstripped) fibers, which is crucial for soft-glass fibers due to their higher fragility compared to silica fibers. For the development of ultrafast fiber laser systems, it is of particular importance that an inscribed FBG features a broad reflection bandwidth that supports the entire mode-locked spectrum and also that it introduces a finely controlled amount of dispersion that enables for example the generation of solitons or of similaritons from a fiber laser cavity. We demonstrate that using the core-scanning technique, chirped FBGs with physical lengths of up to 20 cm can be fabricated that are highly reflective over a very broad wavelength range and that can introduce a maximum group delay of up to 2 ns in both, the normal or the anomalous dispersion regime.
The exact geometrical shape of the inscribed lines of modified refractive index can, under the right conditions, give rise to strong polarization dependent characteristics of the fabricated gratings. We analyze the reflectivity of linear gratings inscribed into ZBLAN fiber as a function of the polarization state of the input light for a wide range of fabrication parameters and also demonstrate that FBGs with 45°-tilted modification planes can be used as highly efficient in-fiber polarizers that operate in transmission and feature a polarization extinction ratio (PER) in excess of 20 dB.
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